Introduction
============

Increasing urbanization associated with a genotype poorly adapted to the new environment, has led humans to a global epidemic of obesity, metabolic syndrome, type 2 diabetes, and cardiovascular disease ([@B01]). Metabolic syndrome is an ensemble of some of the most powerful risk factors for cardiovascular death. The criteria for diagnosis, according to the International Diabetes Federation, are the presence of central obesity associated with two or more of the following findings: high levels of triglycerides, lower values of high-density lipoprotein (HDL) cholesterol, increased blood pressure, and elevated fasting glucose ([@B02]).

Over the past two decades, the concept of adipose tissue being an endocrine organ, which releases factors known as adipokines, has been established ([@B03],[@B04]). Examples of adipokines are: leptin, adiponectin, resistin, visfatin, apelin, vaspin, and omentin ([@B03]). Leptin and adiponectin are more closely related to insulin resistance and central obesity, and thus to the key pathophysiological aspects of the metabolic syndrome ([@B03]). Another hormone also related to insulin resistance is ghrelin, which, despite being produced mainly in the stomach, acts together with leptin and adiponectin modulating cellular sensitivity to insulin ([@B03]).

Adiponectin was first described in 1995. The fact that its expression was found only in adipocytes, the increase in its secretion by the action of insulin, and its physiological presence in plasma suggest that it is involved in controlling the body\'s nutritional status ([@B05]). The secretion of adiponectin, in contrast to the secretion of other adipokines, is paradoxically decreased in obesity ([@B06]), and low basal levels of adiponectin are strong predictors of the future onset of diabetes mellitus and coronary disease in humans ([@B07],[@B08]).

Ghrelin was purified and identified in 1999 from the stomach of rats as the endogenous ligand specific for the growth hormone (GH) secretagogue receptor ([@B09]). The stomach is the major site of ghrelin expression, synthesizing ten times more hormone per gram of tissue than the second largest source, the duodenum ([@B10]). Ghrelin appears in two major forms: acylated and non-acylated ghrelin. Acylated ghrelin seems to be the active form of ghrelin whereas non-acylated ghrelin, which is present in greater quantities than acylated ghrelin, appears to act antagonistically to the acylated form in glycemic control ([@B11]). The acylated ghrelin specifically releases GH both *in vivo* and *in vitro*, and O-n-octanoylation at serine 3 is essential for its activity ([@B09]). In humans, ghrelin is the only well-defined peripheral orexigenic peptide ([@B10]), and it has been shown that its levels increase during fasting and before meals, and are suppressed by food intake. The mechanisms responsible for the postprandial suppression of ghrelin are unclear, and conflicting results were found in different experiments ([@B12]). The onset of insulin resistance and compensatory hyperinsulinemia in obesity is probably the reason for the suppression of ghrelin levels ([@B13]). Ghrelin has been characterized in earlier studies as an enhancer of insulin secretion ([@B14],[@B15]), while more recent studies with mice have shown that the antagonism of its effects could promote the secretion of insulin and prevent glucose intolerance induced by a high-fat diet ([@B16],[@B17]).

The cafeteria diet represents a useful model for studies of human obesity. Even for short periods, such as two weeks, previous data obtained in Wistar rats have shown that this diet is sufficient to produce a significant increase in adiposity that appears to be more related to an increase in visceral fat than to the subcutaneous depots ([@B18]).

Pioglitazone is a drug in the thiazolidinedione class, which has been shown to have a number of metabolic actions, such as decreasing the plasma levels of triglycerides and low-density lipoproteins (LDL), increasing the size of LDL particles, increasing the concentration of HDL and decreasing hepatic lipogenesis ([@B19]). Although it has been established that the administration of pioglitazone for short periods of time to both animals and humans promotes a significant increase in adiponectin levels ([@B20]), studies about the action of the drug on ghrelin levels are scarce. The aim of the present study was to investigate the effect of the administration of a cafeteria diet and pioglitazone on body weight, insulin resistance and plasma levels of adiponectin, total ghrelin, and acylated ghrelin.

Material and Methods
====================

General design and animals
--------------------------

The experiments were conducted on 24 male 60-day-old Wistar rats (250-300 g; Universidade Federal de Santa Catarina, Brazil). After the adjustment period (7 days), the animals were maintained under conditions of controlled temperature (20° to 24°C) and a 12-h day/night cycle, with lights on at 7:00 am. The animals\' weight was measured with a digital scale and recorded weekly on the same day and at the same time of day, and at the time of sacrifice (Precision®, PR 1000, Brazil).

The experimental procedures followed the Ethical Principles in Animal Research adopted by the Brazilian College of Animal Experimentation (COBEA) and the project was approved by the Ethics Committee on Animal Use of our institution.

The animals were randomly divided into 4 groups: 1) Chow-only group (CHOW-O; N = 6) receiving standard rat chow (Nuvilab Cr-1®, Brazil) for 5 weeks. In the last 14 days prior to euthanasia, these animals received saline. 2) Chow-pioglitazone group (CHOW-P; N = 6) receiving standard rat chow (Nuvilab Cr-1®) for 5 weeks. In the last 14 days prior to euthanasia, the animals received pioglitazone. Pioglitazone was acquired from Abbott Laboratories, Brazil, and fractionated into capsules of 2.5, 3.0, 3.5, and 4.0 g by qualified pharmacists. The choice of the pioglitazone dose was based on a previous similar study ([@B21]) in which a significant increase of adiponectin levels was obtained without significant toxic effects on the animals. 3) Cafeteria-only group (CAFE-O; N = 6) receiving a high-calorie diet (cafeteria diet) for 5 weeks. In the last 14 days prior to euthanasia, these animals received saline. 4) Cafeteria-pioglitazone group (CAFE-P; N = 6) receiving a high-calorie diet (cafeteria diet) for 5 weeks. In the last 14 days prior to euthanasia, these animals received pioglitazone at a dose of 10 mg·kg body weight^−1^·day^−1^.

Diets and intervention
----------------------

The cafeteria diet, an animal model for studying obesity, was based on the diets used in previous studies published in the literature ([@B18],[@B22]), and consisted of blended high-energy solid foods (chocolate, toffee, donuts, stuffed cookies, bread, bacon, salami, cooked ham, fat cheese, and peanuts). The liquid part of the diet included soda and water *ad libitum*. The distribution of food respected a ratio of 45% carbohydrates, 45% lipids, and 10% protein per kg (see Table S1).

The Nuvilab Cr-1® chow specific for rats and mice has the following composition: 22 to 22.5% crude protein, 4.4 to 4.6% lipids, and 53 to 55% carbohydrates per kg (see Table S2). Chow and water were provided *ad libitum*. Pioglitazone and saline were administered by gavage always at the same time of day (8:00 am). Fasting began 8 h before anesthesia.

Anesthesia and blood collection
-------------------------------

Prior to anesthesia, each animal received a subcutaneous injection of 0.05 mg/kg atropine to prevent excessive salivation. After identifying and weighing the animals, anesthesia was performed with a 50 mg/kg solution of ketamine associated with 10 mg/kg xylazine injected intramuscularly into the inner side of one of the hind legs.

Samples for the determination of serum glucose, insulin, ghrelin, and adiponectin were obtained by cardiac puncture after anesthesia and after an 8-h fast, and drawn into tubes with no anticoagulant. Samples for the measurement of total and acylated ghrelin were collected into a separate tube to which the protease inhibitor fluoride hydrochloride (4-(2-aminoethyl)benzenesulfonyl; Sigma Aldrich®, Brazil) was added because of the instability of the hormone. After half an hour at room temperature, the collected blood was centrifuged at 3000 rpm to obtain serum. All samples were frozen at -70°C and thawed on the day of the tests. Before freezing, the serum for the measurement of total and acetylated ghrelin was acidified with hydrochloric acid to a final concentration of 0.05 N ([@B23]).

Biochemical assays
------------------

Blood glucose was determined using the hexokinase method of Siemens Healthcare Diagnostics Inc.®, UK). Ghrelin, insulin and adiponectin levels were measured in duplicate (in triplicate if more than a 15% variation in the results was observed) using commercially available ELISA kits (Millipore®, USA). The ELISA used was the sandwich type (antigen-antibody reaction). We used 450- and 590-nm filters in the spectrophotometer, and all procedures related to the analysis of biological material closely followed manufacturer instructions. For ELISA precision, see Table S3. The values of HOMA-IR (homeostasis model assessment for insulin resistance) were calculated using the following formula: HOMA-IR = fasting plasma glucose (mg/dL) × fasting serum insulin (µU/mL)/405.

Statistical analysis
--------------------

Data are reported as means ± standard deviation. After the data were found to have normal distribution by the Shapiro-Wilk test, the comparison of the different subgroups was performed by one-way ANOVA with Bonferroni\'s correction. The paired *t*-test was used to compare means between different weeks of treatment in each subgroup. Statistical analysis was performed using the SPSS software version 17.0. P values \<0.05 were considered to be statistically significant.

Results
=======

Change in body weight over the weeks of the study
-------------------------------------------------

As shown in [Figure 1](#f01){ref-type="fig"}, there was a significant increase in body weight in all groups when mean final weight was compared to mean initial weight (P \< 0.05). The mean weights of the different groups at week 3 (starting point of intervention with saline or pioglitazone) were: CHOW-O = 299.16 ± 31.00, CHOW-P = 299.16 ± 27.13, CAFE-O = 351.66 ± 12.07, and CAFE-P = 349.16 ± 22.62 g. The mean final weight was as follows: CHOW-O = 317.66 ± 25.11, CHOW-P = 322.66 ± 28.42, CAFE-O = 372.50 ± 21.01, and CAFE-P = 345.00 ± 35.19 g. If we consider the starting point of intervention (pioglitazone or saline), the paired-sample *t*-test showed a trend toward significant weight gain at week 5 only for the CAFE-O group (P = 0.073).

Figure 1.Body weight change in the various study groups from the beginning of the study, when the animals were 60 days old, until the day of sacrifice, when they were 95 days old. There was a significant increase in body weight in all groups when the mean final weight was compared to the mean initial weight (P \< 0.05, paired *t*-test). ^\*^Beginning of the intervention. For group definitions, see legend to [Figure 2](#f02){ref-type="fig"}.

Taking into account the total time of the study, the group of animals that received the cafeteria diet and saline (CAFE-O) had a higher mean final weight than the groups that received chow and saline (CHOW-O; P = 0.017), and chow and pioglitazone (CHOW-P; P = 0.035; [Figure 2](#f02){ref-type="fig"}). No differences were noted when the group that received cafeteria diet and pioglitazone (CAFE-P) was compared to the CHOW-O and CHOW-P groups regarding weight at the end of the study.

Figure 2.Body weight (means ± SD) at the end of follow-up in the chow-only (CHOW-O), chow-pioglitazone (CHOW-P), cafeteria-only (CAFE-O), and cafeteria-pioglitazone (CAFE-P) groups. ^\*^P \< 0.05 *vs* CAFE-O (one-way ANOVA).

Blood glucose, insulin and HOMA-IR
----------------------------------

As shown in [Table 1](#t01){ref-type="table"}, there were no differences between groups in the variables commonly used for the evaluation of insulin resistance (P \> 0.05). No significant differences were observed for HOMA-IR comparison between the study groups (P \> 0.05). Even groups of rats fed the cafeteria diet showed no significant differences in insulin sensitivity markers compared to the groups receiving a balanced diet for the species (chow), with higher protein and lower fat than the cafeteria diet.

Table 1.Blood glucose, insulin, and HOMA-IR in the chow-only group (CHOW-O), chow-pioglitazone group (CHOW-P), cafeteria-only group (CAFE-O), and cafeteria-pioglitazone group (CAFE-P).VariableCHOW-OCHOW-PCAFE-OCAFE-PFinal glucose (mg/dL)249.83 ± 71.98231.16 ± 48.39211.66 ± 58.16219.66 ± 86.93Final insulin (ng/mL)0.31 ± 0.300.25 ± 0.160.44 ± 0.220.49 ± 0.10Final HOMA-IR (kg/m^2^)4.82 ± 5.322.92 ± 1.945.42 ± 3.075.76 ± 2.26[^1]

Adiponectin levels
------------------

The serum adiponectin levels of each study group are reported in [Table 2](#t02){ref-type="table"}. CHOW-P animals had higher mean serum levels of adiponectin compared to CHOW-O (P = 0.014) and CAFE-O (P = 0.027) animals. However, no differences in adiponectin levels were observed between CAFE-P animals and the other groups.

Table 2.Adiponectin, total ghrelin, and acylated ghrelin in the chow-only group (CHOW-O), chow-pioglitazone group (CHOW-P), cafeteria-only group (CAFE-O), and cafeteria-pioglitazone group (CAFE-P).VariableCHOW-OCHOW-PCAFE-OCAFE-PFinal adiponectin (ng/mL)30.52 ± 6.97[\*](#TFN02t02){ref-type="table-fn"}55.91 ± 20.6232.54 ± 9.03[\*](#TFN02t02){ref-type="table-fn"}50.76 ± 9.29Final total ghrelin (ng/mL)1.15 ± 0.290.65 ± 0.36[+](#TFN03t02){ref-type="table-fn"}1.21 ± 0.341.65 ± 0.69Final acylated ghrelin (pg/mL)268.48 ± 78.97193.01 ± 87.61[+](#TFN03t02){ref-type="table-fn"}259.44 ± 86.36[+](#TFN03t02){ref-type="table-fn"}471.52 ± 195.09[^2][^3][^4]

Serum levels of total and acylated ghrelin
------------------------------------------

The total and acylated ghrelin levels of each study group are exhibited in [Table 2](#t02){ref-type="table"}.

A similar pattern of total and acylated ghrelin was observed for the various study groups. Higher serum levels of total ghrelin were observed in CAFE-P animals compared to CHOW-P (P = 0.006), with no differences when the other groups were compared. Similarly, CAFE-P animals showed higher mean serum levels of acylated ghrelin than CHOW-P (P = 0.009) and CAFE-O (P = 0.047) animals.

Discussion
==========

The present study showed that rats fed a cafeteria diet and saline (CAFE-O) for 35 days have a higher increase in body weight compared to animals treated with a balanced diet. These results agree with a previous study, which demonstrated that a short period of cafeteria diet (15 days) was sufficient to lead to a significant increase in adiposity in rats, more specifically related to visceral obesity than to subcutaneous fat deposits ([@B18]). Although animals that received the cafeteria diet with pioglitazone (CAFE-P) did not exhibit higher weight gain at the end of the study when compared to those fed chow, the diarrhea observed after starting pioglitazone (week 3) must be considered. In addition, a potential interaction between the effects of pioglitazone and the composition of the cafeteria diet may be responsible, at least in part, for this finding.

When we evaluated the intensity of insulin resistance, no significant differences were found in blood glucose, insulin or HOMA-IR among the different groups. HOMA-IR is one of the most important parameters for the estimation of insulin resistance, providing acceptable and reliable results in rats, mice and humans ([@B24]). In the literature regarding HOMA-IR, we found studies with results similar to ours ([@B25]), and others with opposite outcomes ([@B22]).

In the current study, no differences were observed in adiponectin levels when animals that received only chow (CHOW-O) were compared to those fed the cafeteria diet (CAFE-O) without the influence of pioglitazone. Similarly, a previous experimental study in rats showed no differences in total serum adiponectin levels when the balanced diet group was compared to that receiving the cafeteria diet for 15 days. However, when adiponectin titers were adjusted for the white adipose tissue mass (adiponectin/total white adipose tissue), serum adiponectin levels were found to be lower in the cafeteria diet group ([@B26]). Although white adipose tissue was not measured in the present study, we may speculate that adiponectin levels were disproportionately low in the cafeteria-only group ([@B18],[@B22]).

Higher serum levels of adiponectin at the end of the study were observed in animals receiving chow plus 14 days of pioglitazone (CHOW-P) compared to the non-pioglitazone groups (CHOW-O and CAFE-O). This finding confirms other studies in the literature, in which the administration of pioglitazone for short periods of time both to animals and humans promoted an acutely significant increase in adiponectin levels ([@B20],[@B27],[@B28]). As a member of the thiazolidinediones, pioglitazone exhibits agonistic effects on the peroxisome proliferator-activated-receptor gamma, which, when activated, stimulates the transcription of the gene for adiponectin ([@B29]). Although a numerical increase in adiponectin levels was observed in animals that received pioglitazone and the cafeteria diet (CAFE-P), no statistical significance was reached. A possible explanation for this attenuation in the ability of pioglitazone to raise serum levels of adiponectin could be the higher levels of ghrelin observed in this group of animals. As previously demonstrated in the literature, administration of ghrelin can decrease the expression of the adiponectin gene in adipose tissue and, consequently, suppress the serum levels of this adipokine ([@B30]).

When we compared the non-pioglitazone groups (CHOW-O and CAFE-O), no differences in serum levels of total or acylated ghrelin were noted. Total ghrelin, which is the sum of acylated and non-acylated isoforms of ghrelin, seems to have a reasonable relationship with the acylated form since both levels are constant under various conditions that affect the physiology of the hormone ([@B31]). Considering the findings of previous studies showing that low ghrelin titers in obese individuals are not associated with increased body mass index *per se*, but with higher degrees of insulin resistance ([@B13],[@B32]), the most likely finding in animals fed a cafeteria diet would be an increase in insulin resistance, with decreased levels of ghrelin. However, the present study was not able to show an increase of insulin resistance in those animals.

Higher serum levels of acylated ghrelin were observed in animals receiving the cafeteria diet with pioglitazone compared to those receiving chow with pioglitazone and the cafeteria diet without pioglitazone. These findings could be explained by the stabilization of weight after an upward curve of weight gain in animals that received the cafeteria diet and pioglitazone. This pattern of weight curve could be related to a spontaneous low food intake triggered by the peculiarities of the high-fat cafeteria diet and the development of diarrhea after intervention with pioglitazone. The lipid-enriched diet has been associated with hypophagia by various mechanisms, including delayed gastric emptying ([@B33]), increased oxidation of lipids ([@B33],[@B34]), and increased secretion of cholecystokinin by the pancreas ([@B35]). Additionally, pioglitazone is related to the onset of nausea and diarrhea as adverse effects ([@B36]), reducing even more food intake. As already demonstrated in the literature, food deprivation is physiologically associated with increased plasma levels of ghrelin, and may be responsible for the higher serum acylated ghrelin levels observed in the cafeteria/pioglitazone group ([@B12]).

We acknowledge some limitations of our analysis. First, the period of exposure to the cafeteria diet or chow may have been insufficient for the development of laboratory findings associated with insulin resistance. However, even though data about the impact of longer periods of the cafeteria diet on insulin resistance parameters would be of interest, this was not the aim of the present study. Second, food intake was not controlled, but food intake control was not directly related to the objective of the study. Third, to explain the stabilization of weight gain in the animals receiving the cafeteria diet and pioglitazone we infer that this may have been caused by a change of feeding behavior (food deprivation) due to the high-fat diet, associated with adverse drug effects, but we cannot definitively prove this assumption. However, the most important aspect is the weight variation of the different groups of animals, and not necessarily the reason for it. Fourth, the absence of body fat measurement may have limited the characterization of the expansion of visceral adipose tissue, and may have prevented the assessment of the ratio of adiponectin and white adipose tissue. Nevertheless, previous studies have already validated the cafeteria diet as an inducer of expansion of adipose tissue, especially visceral adipose tissue ([@B18],[@B22]).

Finally, more sensitive tools for the estimate of insulin sensitivity might have been useful in evaluating insulin resistance among the study groups. As described previously, the hyperinsulinemic euglycemic clamp, which was not used in this study, provides the best and purest information about the tissue action of insulin ([@B37]). HOMA-IR, as applied in this study, is currently considered to be a simple and reliable index for measuring the degree of insulin resistance, and is closely related to the euglycemic hyperinsulinemic clamp, which is technically difficult in rats due to the small caliber of vessels and smaller blood volume ([@B24]).

In conclusion, the cafeteria diet is a useful model for the study of human obesity. Pioglitazone is a potent stimulator of circulating levels of adiponectin. This study helps us understand more about the relationship between adiponectin and ghrelin, two hormones related to energy balance in the body. The apparent attenuation of the effect of pioglitazone by ghrelin in increasing adiponectin levels suggests that ghrelin really suppresses adiponectin. This is particularly important since we already have a drug used in clinical practice (pioglitazone) that exerts its effect by increasing adiponectin levels. Despite the apparent importance of the relationship between these two hormones, we found only one article in the literature that addressed this interaction, demonstrating that the administration of ghrelin suppresses the expression of the adiponectin gene in adipose tissue.
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[^1]: Data are reported as means ± SD. HOMA-IR = homeostasis model assessment for insulin resistance. No statistical differences in the parameters studied were observed across the study groups (P \> 0.05, one-way ANOVA).

[^2]: Data are reported as means ± SD.

[^3]: P \< 0.05 *vs* CHOW-P;

[^4]: P \< 0.05 *vs* CAFE-P (one-way ANOVA).
